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Abstract

Using titanium tetrachloride (TiG) as a precursor, titania (TEPnanoparticles were synthesized in the diffusion flame (DF) of air and liquid
petrol gas (LPG). The effects of air and LPG flow rates and flow ratio, flame temperature and flame shape on the synthesized titania nanopatrticles
were investigated. Experimental investigation showed that the mean particle size,dohdi€ased obviously with increasing airflow rate,
and not obviously with that of LPG, the mean particle size at optimal experimental condition was less than 20 nm, the rutile fraction in the
synthesized powder increased with increasing flame temperature and the particle size was affected by the flame height. A particle-dynamic
model, describing the nucleation and coagulation of titania monomers/nanoparticles, was used to account for the experimental results based
on the isothermal assumption. Generally speaking, the calculated particle sizes from the particle dynamics were consist with the experimental
measurements, especially, when the feed concentration of Wi low.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction For the former, the typical examples are the sol-gel method
[4], the solution hydrolysis methd8] and the supercritical
Titanium dioxide (or titania, chemical formula TiD method[6]. For the latter, the typical examples are the gas

which is innocuous and harmless to health, is the major white combustion synthesjg,8] and the plasma synthe$#. Dif-
pigment. Moreover, it is the mostimportant product that con- ficulties and challenges remain in the above synthesis meth-
tains titanium. About 90% of the titanium ores are used to ods, e.g., severe agglomeration and mal-dispersionin the gas-
produce titania. phase synthesis; and high cost to be paid for using the liquid-
The aqueous suspension of titania nanoparticles is capaphase synthesis. The gas combustion using diffusion flame
ble of decomposing organic wastes under the UV irradiation (DF)[7,8,10]is a promising method since the size of nanopar-
[1-3]. The organic wastes, which are difficult to be disposed ticles can be controlled and the dispersion of nanoparticles
using traditional methods, can be easily destroyed by photois good. Furthermore, the diffusion flame synthesis (DFS)
catalysis using titania nanoparticles. Therefore, many scien-might be easier scale-up from laboratory to massive manu-
tists are paying attention to the synthesis methods and photofacturing facility. Therefore, researchers all over the world
catalytic properties of titania nanoparticles. are paying much attention to different aspects of the DFS
Methods for synthesizing titania nanoparicles can be clas- [11-14]
sified into gas-phase synthesis and liquid-phase synthesis. In the traditional gas-phase combustion metfia8] for
synthesizing titania nanoparticles, hydrogen)(Mas used
* Corresponding author. Tel.: +86 512 6724 1197; fax: +86 512 6522 4783. as the fuel, oxygen as the. OXI.dant' and the'dm.ed argon .(Ar)
E-mail addresseshong@suda.edu.cn (R. Hong), jading@us.ibm.com @S the gas carrier to feed titanium tetrachloride into the high-
(3. Ding). temperature flamg.1]. Prepared Ti@by oxidation of TiClk

1385-8947/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2005.02.011



204 R. Hong et al. / Chemical Engineering Journal 108 (2005) 203-212

Nomenclature

a mean particle surface areadm

as surface area of a completely fused aggregate
(m?)

C particle velocity

Cricl,  TiCly concentration (mol/f)

D particle diffusion coefficient

D¢ mass fractal-like dimension

dp pnmgr_y partlcle diameter (m) Fig. 1. Experimental flow diagram for synthesizing Fi@anoparticles using
g trangltlon parameter ) LPG/air flame. (1 and’1Dryer, 2: TiCl, evaporator, 3 and’ 3rotameters,
N particle-number concentration (‘I’ﬁ) 4: thermometer, 5: combustor, 6: filter, 7: circulating-water vacuum pump,
P total pressure of system (Pa) 8: air compressor, 9: LPG cylinder).

Q gas flow rate (ri/s) _ _

R gas constant (J/mol K) and hydrolysis reactior{3]:

re collision diameter (m) TiCl4 + 4H,O — Ti(OH), + 4HCI,

T temperature (K)

v mean solid volume (ﬁ) Ti(OH)4 — TiO3 + 2H,0,

B coagulation kernel

p  gasdensity (kg/) TiCly + O — TiOz + 2Ch.

T characteristic sintering time (s)

The nucleation, nuclei growth and coagulation in the vapor

phase take place one after another. The high temperature

stream, which mixed with entrained cold air since a vacuum

S ) pump was used in the experiment, was quenched. Therefore,

in diffusion flames using methane (GH But the cost of nanosized titania particles were obtained.

the product in China might be quite high since the hydro-  gjnce a circulating-water vacuum puma was used in the

gen and methane are comparatively expensive. In the presengyperiment, the corrosive HCl was absorbed by water. The

investigation, the liquid petroleum gas (LPG) and air were feeq concentration of TiGlvapor was calculated based on

used instead of hydrogen and oxygen to reduce the costihe air flow rate and the weight loss of liquid TiOof the

The TiQ; nanopatrticles were synthesized and the operating evaporator. The evaporator was operated &30

conditions were varied in present experiments. The particle e configuration of the LPG/air combustor is illustrated

d_ynamic simulation was conducted to predict the particle j, Fig. 2 The combustor used in the experiments consists

size. of two concentric glass tubes. Inner diameters of the inner
and outer tubes are 3.5 and 9.0 mm, respectively. The length
of the combustor is 150 mm. The flow rates of LPG and air

2. Experimental were varied in the experiments to investigate their effects
on the particle size and crystallinity. A ceramic filter (No.

During the synthesis of nanoparticles by DFS, it is very 6), which was placed above the flame and was connected to

important to adjust the temperature, the velocity and the par-a circulating-water vacuum pump, was used to capture the

ticle residence time in the flame to control the particle size synthesized nanoparticles.

and crystallinity. The experimental flow diagram is illustrated A transmitting electron microscope (TEM, H-600, Hi-

in Fig. 1 tachi, Japan) was used to measure the size and shape of syn-

The main chemicals used in the experiments are:4TiICl thesized TiQ nanoparticles. The X-ray diffraction (XRD)

(chemical grade, Shanghai Chemical Works) as the precur-analyzer (D/Max-IlIC, Rigaku, Japan) for powders was per-

sor and liquid petroleum gas (LPG, industrial grade) as fuel. formed using Cu I& radiator. The rutile content of the product

There are two gas routeways of the combustion system. Forcan be calculated by integrating the area of the XRD peak.

the first one, LPG flows through the drier (No. 1Fkig. 1),

and then flows through the rotameter (No. 3), and finally

flows into the combustor (No. 5). For the second one, air 3. Particle-dynamic simulation

compressed by the air compressor (No. 8), flows through

the drier (No. 1), the rotameter (No.’Band the evaporator The size using of nanoparticles can be predicted using the

(No. 2) one after another. The TiVapor, carried into the  particle dynamic moddlL5,16,12]

diffusion flame by the dried air, is almost instantaneously  In the present investigation we assumed that titania

converted into titania monomers via the following oxidation monomers, formed by finite oxidation reaction, grow into
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be described by,

L - @

& N
According to[19], the coagulation kerned is calculated
using the Eq(5) instead of the solid sphere radius in the

Fuchs interpolatiofi23]:

1/Ds
re = <v> Tps (5)

Vp

The coagulation kerne$ using the Fuchs interpolation
expression for Brownian coagulation in the free molecule
and continuum regimg&3] takes the following form,

e '\/ED N

= 8nDr +
p ¢ 2rc + \/Eg Crc

(6)

— LPG

where the expressions of particle diffusion coefficienpar-
ticle velocity C, and transition parametgrcan be found in
[19].
The characteristic sintering time, is given by[24]. The
‘ mass fractal dimensioms, which equals three for a spher-
air + TiCl4 ical particle and two for a circular paarticle, decreases with
increasing aggregation. According [2b], a constant mass
Fig. 2. lllustration of combustor configuration. fractal dimension obs = 1.8 was used in the present simula-
tion.

molecular clusters and small particles by successive collision, ~According to[20], the surface area of a completely fused
coagulation and sintering. The particle dynamic simulations ad9regate is

based on the assumption of instantaneous reaction have been  _1/3,~ \2/3
performed by[17,18] s = 72(6v)”/ (")
A particle-dynamic mode]19,20] was modified to de- The primary particle diamet¢t9] is
scribe the collision, coagulation and sintering of nanopatrti-
cles during the DFS. dp = Sv (8)
The rate equation of the Tigbxidation can be expressed a
as The ordinary differential equations (E$—4)) together with
dCric, i the const_itutional equations (E¢5-8) are strongly coupled
o —ko€™ ®T Cricl, (1) and nonlinear, and can only be solved numerically. The cal-

culated primary results are the TiQloncentration, particle-

whereE, is the activation energ¥o is the pre-exponential ~ number concentratiomN), mean solid volumew), and mean

factor andCricis is the TiCly concentration. According to  particle surface areay).

[21], Ea=88.84 3.2 kJ/mol andky = 8.29x 10* s~ 1. The temperature profile of the flame was not measured
Assuming all aggregates contain the same number ofin the present investigation, although, such measurements

equally sized monomer particles, particle-number concen-were performed byl3]. Therefore, constant temperature of

tration can be expressed as the flame was assumed in the numerical simulation. Similar

treatment was used §¢,17,19,24,3Q]
dnN _Ea 1
e —koe™ 7 Cricl, — EﬁNZPg ()

i 4. Results and discussion
The volume of an aggregate, is only affected by coagula- suits ISCUSSI

tion, 4.1. Characteristics of the flame
dv 1dN
- Na 3) The flame height and temperature under different air and
LPG flow rates are listed iflable 1 The flame height was
The surface area of an aggregate partialewhich in- obtained by naked eyes using a ruler. The flame temperature

creases by coagulation and decreases by sintg2Rjgcan was measured using a platinum-rhodium thermocouple (type
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Table 1 100_‘

Flame height and temperature at different flow rates ] n
Airflow rate LPG flowrate  Flame height =~ Maximum flame g 901

(cm3/s) (cm?/s) (cm) temperature“C) ;,' 80

66.1 0.667 25 620 ‘g 70

66.1 0.833 3.0 650 S |

66.1 1.00 3.9 677 2 60 g
66.1 1.17 6.0 720 '(1:; 1

66.1 1.33 7.2 780 g 504

66.1 1.67 8.2 864 S 40

66.1 2.33 8.3 880 © ]

55.6 1.17 6.0 720 § 30 /

50.0 1.17 4.7 686 = 20_‘ - o

44.4 1.17 3.2 683 i i

38.9 1.17 3.0 690 10 +———7——

-7 T 7T 7
0.6 0.8 1.0 12 14 16 18 20 22 24

LPG-flow rate, cm’/s

R). It was found that the flame temperature should be sam-
pled without the introduction of TiG| since the generated Fig. 3. Mean particle size of Tigat different LPG flow rates.

TiO2 was easily adhered to the surface of the thermocouple.

The flame temperature with Tigbxidation and hydrolysis

might be somehow different to the values I|st_ed1'ab|e 1 of synthesized Ti@ nanoparticles under different LPG flow
The measured temperatures were corrected in order to take

account of the heat losses by radiation rates.
’ Y aton. When the LPG flow rate increased from 0.667, 0.833, 1.00

to 1.17 cni/s in turn, the flame height was not improved too
4.2. Influence of feed mode much, resulting in almost the same particle sizes. When the

_ - _ _ LPG flow rate increased further, the particle sized increased
The inlet positions of air, LPG and Tiglvere changed oo, and this trend was observed [ ].

during the experiments. It was found that when the mixture  Tne oxidation of TiC} at high temperature is extraordi-

of air and TiCh was fed into the inner tube, and LPG was nary fast and completes within a very short period of time
fedinto the outer tube, nanoparticles with minimum diameter (8] when the LPG flow rate is low, the flame height and

were synthesized. Our experimental findings agree with the the residence time are very short. The small Ti@nopar-

results of[26]. ticles have too little time to coagulate and hence the particle
size is small. However, if the LPG flow rate is too low, the
4.3. Influence of LPG flow rate flame temperature will also be low. This results in difficulty

to maintain the flame and therefore limit titania production
The variation of mean particle size and size distribution rate. In the present investigation, we have seen that the flame
were investigated by fixing the airflow rate at 61.1%srand can be easily extinguished if the LPG flow rate is less than
increasing the flow rate of fuel (LPG) from 0.667, 0.833, 1.00, 0.667 cni/s.
1.17, 1.33, 1.67 to 2.33cifs in turn.Fig. 3illustrated the When the LPG flow rate increases, both flame height
influence of LPG flow rate on the mean particle diameter of and flame temperature increase relatively fast. The co-
synthesized titania. The minimum particle siz, {18 nm) agulation coefficient and the residence time of titania
can be obtained with air flow rate = 61.1 #s1iand LPG flow monomers/nanoparticles increase as well. Hence, the diame-
rate = 0.833-1.00 cffs. Fig. 4 shows the TEM photographs  ter of the synthesized titania nanoparticles increases rapidly.
-
PN .

L J
»

(a) O1p5=0.667 cm’/s (b) Qrpg=1.00 em*/s (c) Orpe=1.67 cm’/s (d) Orpe=2.33 cm’/s

Fig. 4. TEM photographs of Tipnanoparticles synthesized at different LPG flow ratesQ(a)s = 0.667 cni/s (b); Qps = 1.00 cni/s; (¢)QLpc = 1.67 cni/s;
(d) QLPG =2.33 crﬁ/s.
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Fig. 5. Mean diameter of Ti©nanoparticles at different airflow rates.

When the LPG flow rate is larger than 2.33%g) the
flame color is yellow. The color of synthesized powder be-
comes yellowish since there are some J{®<2) and car-
bon black in the product. Therefore, the flow rate of LPG
should be kept much less than 2.33%sn and the optimal
LPG flow rate should be at 1.17 éfs with the air flow rate of
61.1cnd/s.

4.4, Influence of air flow rate

The synthesized Tigsize and its distribution were inves-
tigated by fixing the LPG flow rate at 1.17 éfa and decreas-
ing air flow rate from 61.1, 55.6, 50.0 to 44.4¥sin turn.
Fig. 5illustrates the influence of airflow rate on the mean di-
ameter of synthesized Ti(particles. The TEM photographs
of the TiO, nanoparticles are shown kig. 6.

When the air flow rate increased, the total inlet TiGhs
increased, but the feed concentration of Ji®@hs almost the
same.

ISQREOSINS

(a) Qu=55.6 cm’/s (b) Qai=50 em’/s (c) Q=444 em’/s

The mean diameter of TiD nanoparticles increases
slightly with the increasing airflow rate, which might be due
to the two major factors: residence time and flame temper-
ature. When the airflow rate increases, the flame tempera-
ture increases while the flame height decreases, as shown in
Table 1 The particle coagulation rate increases with temper-
ature but the particle residence time in the flame decreases
with decreasing of the flame height. The two factors compete
with each other and reach an equivalent, resulting in little
change of particle size. To obtain higher yields, the optimal
airflow rate may be kept at 61.1 ml/s.

4.5. Influence of flame temperature

Fig. 7is the TGA of the synthesized Tghanoparticles,
which were obtained at the LPG flow rate of 1.173srand
airflow rate of 61.1 cri¥s. The TGA tests were performed
under the protection of inert gas, and the temperature ris-
ing rate was 20C per minute Fig. 7 shows that there is a
weight loss between 100 and 18D, indicating the release
of physically-absorbed water. The weight loss between 180
and 750°C is attributed to the loss of chemically bound wa-
ter. Since the powder contains carbon and the titania could
be deoxidized by carbon at very high temperature, there is a
significant weight reduction between the temperature of 830
and 1000C. The results are in accordance with the findings
of [14].

It can also be seen froffig. 7 that there are two obvious
peaks at the temperatures of 600 and B8D4respectively.
The two peaks are related with the nucleation, nuclei growth
and coagulation that took place in the high-temperature flame
[24]. During the DFS of TiQ nanopatrticles, the oxidation of
TiCl4 mainly results in the molecular clusters of anatase tita-
nia at first. Then the following rival reactions take place: the
molecular clusters of anatase titania will coagulate to form
anatase particles, or will transform into rutile molecular clus-
ters. The nucleation rate is high enough to result in many
anatase molecular clusters. Those molecular clusters collide

L
¢ nuld

OOR0S 'YE

Fig. 6. TEM photographs of TiPnanoparticles synthesized at different airflow ratesQg)= 55.6 cn¥/s; (b) Qair = 50 cné/s; (c) Qair = 44.4 cni/s.
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Fig. 7. TGA spectra of Ti@ nanoparticles.

with each other to form anatase particles. Since the LPG/air crystallite sizeD was calculated using the Debye—Scherrer
flame is used instead of thekir flame, the flame tempera- formulaD =KA/(S cosd), whereK is Scherrer constant, is
ture is relatively low, many crystalline defects are generated the x-ray wavelengthg is the peak width of half-maximum,
in the produced particlg®7]. Therefore, the heat-flux peak andé is the Bragg diffraction angle. The crystallite size thus
at 600°C (seeFig. 7) is due to improvement of the anatase obtained from this equation was found to be about 10.2 nm,
with eliminating crystalline defects. The heat-flux peak (see which is basically in accordance with the sizes from TEM
Fig. 7) at 804°C can be attributed to the crystallinity trans- images, and particle-dynamic simulation shown in Section
formation from anatase to rutile. 4.8 It could also be found irfrig. 8 that the peaks of TiC
Fig. 8is the XRD patterns of the titania synthesized at are not recognizable below 809G, and become significant
different flame temperatures. It can be seen that the characat the temperature of 864 and 8&D. The finding is also in
teristic diffraction peak of rutile (11 0,62=27.4) increases  accordance with the TGA analysis.
gradually with increasing temperature. Fig. 9illustrated the influence of flame temperature on ru-
It could be seen fronFig. 8 that there were peaks at tile content in the synthesized titania, which was calculated
20=36.15047, 41.21630, 70.68966 and 75.15987. Theseby integrating the area of X-ray diffraction peak. When the
peaks correspond to a series of characteristic peaks:flame temperature is lower than 83D, most of the product
2.499(111), 2.1637(200), 1.5302(220), 1.3047(311), is the anatase (anatase content >95%). Moreover, the rutile
1.2492(2 2 2) in the pattern of titanium carbide. Thealues content increases slowly with the increasing flame temper-
calculated from the XRD patterns were well indexed to the ature. When the flame temperature is higher than°800
titanium carbide (International Center for Diffraction Data, the rutile content increases rapidly with flame temperature.
JCPDS 32-1383), implying the presence of TiC. The average These trends are in accordance with the TGA spectrashownin

anatase -
] J" 0.14+
7 ‘l\ rutile ) |
1 /l', ] n /\MTI(, A A A 4 < 0.124
\‘ z 1
J = 0.104
‘? “V A e 4
el A A ML A a3 S
£l £ 0.08
= ““ _d_: 1
I \ 5 4
MJHMWWKWA\W,’”\‘“MA_ 2 ;:zs 0.06
i | ]
11 \ 0.04
i
i — Y DU | 1
T T T T T T T T 1 0'02 T T J T !
20 30 40 50 60 70 30 650 700 750 800 850 900
26(Degree) Flame temperature, °C

Fig. 8. X-ray diffraction patterns for Ti® synthesized at different
flame temperatures. (X =66.1 cni/s, QLpg =1.00cni/s, T=677°C,
(2) Qair=66.1cn¥/s, Q pg =1.33cni/s, T=780°C, (3) Qair =66.1 cni/s,
Qpc=1.67cnils, T=864°C, (4) Qar=66.1cn¥/s, Qupg=2.33cni/s,
T=880°C.

Fig. 9. Rutile content of titania nanoparticles synthesized at different
flame temperatures. (g =66.1 cni/s, Qpg =1.00cn¥/s, T=677°C,

(2) Qair=66.1cn¥/s, Qupg =1.33 cni/s, T=780°C, (3) Qair = 66.1 cni/s,
Qpc=1.67cni/s, T=864°C, (4) Qar=66.1cn¥/s, Qupg=2.33cni/s,
T=880°C.
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(a) (b) (c) (d)

Fig. 10. Flame shapes at different LPG flow rates.@a) = 61.1 cni/s, Q_pg =0.889 cni/s (b) Qair=61.1cn¥/s, Q pg=1.11 cni/s (c) Qair=61.1cni/s,
QLpc=1.67 cni/s (d) Qair = 61.1 cni/s, QL pc = 2.33 cni/s.

Fig. 7. Since the flame temperature is only slightly higher than liquid surface is in the middle of the tube and is 16 cm below
the crystallinity transformation temperature and the particle the UV lamp. The power of the UV lamp is 30 W. Cooling
residence time in the flame is very short, most of the synthe- water is flowing inside the jacket of the reactor in order to
sized nanoparticles are therefore the anatase (anatase contekéep the photo-catalytic reaction take place under constant
>80%). The LPG contents mostly the butane and propane.temperature. More details about the experimental apparatus
Compared with hydrogen, the combustion rate of LPG in air can be found in referend29].

is relatively slow, and the flame temperature is relatively low. The procedures for the photo-catalytic degradation are
Therefore, the LPG/air flame is suitable for synthesizing the as follows: 0.3 g photo-catalyst (titania nanoparticles, syn-
anatase titania, which has high efficiency for photo-catalytic thesized under the following condition€g;r = 66.1 cni/s,

degradation of organic wastes. QLpc=1.00cni/s, T=677°C) was put into 100 ml aqueous
solution of methyl orange (& 10-°mol/L). The aqueous
4.6. Influence of flame shape suspension was put into the reactor (as showRig 11),

and stirred by a magnetic agitator for 20 min. The photo-

When the concentration and temperature are fixed, the di-Catalytic degradation was conducted under the UV irradiation
ameter of titania is determined primarily by the residence &t25°C.Some suspension, whichwas taken out of the reactor
time of monomers/particles in the flame. Therefore, the di- €very hour, was centrifuged, and the upper lucid liquid was

ameter distribution strongly depends on the residence timeUSed to measure its UV-visible light absorptiig. 12illus-
distribution. trates the UV-vis absorptivity at different time intervals. The

Fig. 10shows the flame shape at different LPG flow rate numbers irFig. 12indicated the number of hours for photo-
with air flow rate at 61.1 ciis. We saw that, there is the catalytic degradation. Compared with another photo catalyst
horizontal movement of monomers/particles while moving _2”0[28-29], th_e phot_o-cgtalytic activity of Ti@synthesized
upwards in the flame. The particle size distribution is affected in the present investigation is much higher. It may be due to
by the flame height and width. When the LPG flow rate is low the fact that the titania was doped with carbon during the
enough, the flame is short, the residence times for the titaniaDFS- The energy belt of titania was reduced, and hence the
monomers/particles traveling upward through in the center of Photo-catalytic activity was improved. It was also found that
flame and out of the edge of flame are almost the same. In this
case, particles with smaller size could be obtained. When the
LPG flow rate increases, the flame height increases rapidly, C D
and the ratio of residence times for particles traveling upward
through the center of flame to the outer edge of flame becomes
larger. In this case, particles with larger size are expected.
Therefore, TiQ nanoparticles with narrow size distribution
could be obtained at low LPG flow rates.

UV-light

Water
>

4.7. Photo catalytic properties of Tghanopatrticles Water
—_—

The experiments for photo-catalytic degradation of methyl
orange were performed in a reactor showhiign 11 Thei.d.
of the outer tube is 4 cm, the i.d. of the inner tube is 2 cm, and
the height of the tube is 10 cm. During all the experiments, the Fig. 11. Experimental apparatus for photo-catalytic degradation.
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during degradation.

the titania photo-catalyst can be used for many times without

any obvious decline of photo-catalytic activity.

4.8. Predictions of titania diameter from simulations
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Fig. 14. Influence of TiCJ concentration on titania diameter.

creasing feed concentration, which agrees with experimental

The particle-dynamic simulation was performed atvarious results presented in previous Sectib8.

conditions to investigate their effects on particle sizes. The

titania nanoparticle diameter is plotted as a function of the 4.8.3. Particle size versus reaction temperature

axial direction. The axial direction could be explained as the

flame height.

4.8.1. Particle size versus airflow rate

In the particle dynamic simulation, the reaction temper-
ature is fixed at 1200K and Tiglfeed concentration is at
0.005 mol/L. The variation of titania particle diameter with
the airflow rate is illustrated ifrig. 13 The TiO, diameter
increases in the flow direction through the flame. When the
airflow rate increases, the Ti@iameter decreases since the

residence time decreases.

4.8.2. Particle size versus Tigleed concentration

The reaction temperature is fixed at 1200K and airflow
rate at 0.20 #/s. The variation of titania particle diameter

with the

It could be found that the Tigdiameter increases with the in-

TiCly feed concentration of is illustrated kig. 14

/ Sropinrs
- @=0.12m"s
E Q=0.18m"/s
& - Q=030m's
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£
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Axial direction (m)

Fig. 13. Influence of airflow rate on titania diameter.

To investigate the influence of reaction temperature on
titania diameter, the feed concentration of i@ fixed at
0.005mol/L and airflow rate at 0.20%s. The variation of
titania diameter with the reaction temperature is illustrated
in Fig. 15 It shows that the Ti@diameter increases signifi-
cantly with the reaction temperature.

4.9. Simulated versus measured particle sizes

By comparing the simulated resul&gs. 13—1)with the
measured data{gs. 3 and } it can be found that the dif-
ference between the simulated and measured particle sizes
is not large when the feed concentration of i@ rela-
tively low. The general trends are similar: the size of titania
nanoparticles increases with the increasing reaction temper-
ature and the increasing TiCtoncentrations. When the re-
action temperature is fixed, the particle size decreases with
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Fig. 15. Influence of reaction temperature on titania diameter.
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the increasing air flow rates. During the experiments, when model, which can describe the complex flow patterns of the
the LPG flow rate increases, the reaction temperature anddiffusion flame, should be used together with the particle-
flame length increase at the same time, leading to the largerdynamic model to predict size of titania nanoparticles more
particle size. Thus, the particle size increases obviously with accurately.

LPG flow rate in the experiments. On the other hand, when

we increase the air flow rate, we also increase the LPG flow

rate in general. Therefore, the reaction temperature increaseé\cknowledgments

and the residence time decreases. The two trends of reaction
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